Proton͞sulfate cotransporters in the plasma membranes are responsible for uptake of the environmental sulfate used in the sulfate assimilation pathway in plants.
In higher plants, sulfur metabolism is initiated by the uptake of sulfate by roots from the environment. Plants assimilate inorganic sulfate into Cys, the first sulfur-containing amino acids, and various sulfur-containing secondary metabolites. Thus, plants serve as nutritional sulfur sources for animals (1) . Uptake of sulfate by plants is considered to be the key entry step of the sulfur cycle in the nature. Because the sulfate transporter protein is involved in this initial step, it may play a central role in the regulation of the entire sulfur metabolism pathway by controlling the import of available sulfate. As yet, no detailed molecular biological investigation has been carried out for this important process.
Isolation of cDNA clones encoding sulfate transporters has been recently reported for tropical legume Stylosanthes hamata (2) , Arabidopsis thaliana (3), and barley (Hordeum vulgare) (accession no. U52867). From our recent studies (3) , there were at least three different sulfate transporter homologues in A. thaliana showing different expression patterns. After entry into root cells, sulfate is delivered to various parts of tissues through the vascular system. The process of ''long-distance translocation'' (4) of sulfate may require several types of transporters responsible for cell-tocell movement of sulfate across the plasma membrane. Loading of sulfate into the vascular tissues in roots and unloading of sulfate into the leaf cells are assumed to be the two essential steps in this process. In the present study, we have shown that these two events are possibly controlled by the same sulfate transporter gene, AST68, in A. thaliana.
With respect to the regulation of the entire sulfate assimilation pathway, fluctuation of the extracellular sulfate concentration may act as a signal for the modulation of gene expression. From the earlier physiological experiments on membrane vesicles (5) and cell cultures (6) , it is demonstrated that plants can adapt to low sulfate availability by modulating the sulfate transport activity. Because nearly all the genes for the sulfate assimilation enzymes of A. thaliana have been cloned or reported in the expressed sequence tag (EST) database, it is now quite possible to determine which proteins or enzymes in the Cys biosynthesis are regulated. The present study is the first report of a complete analysis of the regulation of the sulfate assimilation pathway in plants. The results show which of the biosynthetic steps are regulated at the level of mRNA expression during adaptation to sulfate deficiency.
MATERIALS AND METHODS

Plant Materials and Yeast and Bacterial Strains.
A. thaliana ecotype Columbia was grown on germination medium (GM) agar medium (7) at 22°C under 16-h͞8-h light and dark cycles. Three-week-old plants were subjected to sulfate starvation for 2 days on the sulfate-deficient GM agar medium in which the sulfate salts were replaced with equivalent amounts of chloride salts. As a control experiment, plants were transferred to the fresh GM agar medium, which was subsequently cultured for 2 days. For complementation studies, S. cerevisiae strain YSD1 (Mat␣, his3-⌬1, leu2, trp1-289, ura3-52, sul1), a disruption mutant of the yeast sulfate transporter gene SUL1 was provided by M. J. Hawkesford (University of Bristol, U.K.) (8) (9) . Hybridization of the membranes (Hybond Nϩ, Amersham) was carried out at 65°C in 5ϫ SSPE (0.9M NaCl͞0.05 M sodium phosphate, pH 7.7͞5 mM EDTA), 0.5% SDS, 5ϫ Denhardt's solution, and 20 mg͞liter salmon sperm DNA. Final washing of the membranes was conducted at 65°C in 0.1ϫ SSPE and 0.1% SDS (10) . For isolation of genomic clones, approximately 1.0 ϫ 10 5 amplified plaques of the Arabidopsis EMBL3 genomic library (CLONTECH) were screened with the 32 P-labeled cDNA insert of AST68. Hybridization and washing of the membranes (Hybond Nϩ, Amersham) were carried out in the same condition as described for the screening of the gt11 cDNA library.
DNA Sequencing and Determination of the Transcriptional Start Point. cDNA and genomic fragments of the isolated clones were cloned in the appropriate cloning sites of pBluescript II SK(Ϫ) (Stratagene). All clones were sequenced on both strands using a series of overlapping exonuclease III digested clones created with the Exo͞Mung deletion kit (Stratagene). Sequencing was carried out by the dideoxy-chain termination method using Thermo Sequenase (Amersham) and a Shimadzu DNA sequencer model DSQ1000. The primer extention experiment was carried out as described in ref. Complementation of a Yeast Mutant. The coding sequence of the Arabidopsis cDNA clone AST68 was amplified by PCR as a BamHI-ended DNA fragment with a set of synthetic oligonucleotide primers (5Ј-CT TGGATCCATGA A A-GAGAGAGATTCAGAG-3Ј and 5Ј-ATTGGATCCTGGTC-CTTTGAAAACTGTTTC-3Ј), using Pfu DNA polymerase (Stratagene). The amplified fragment was inserted in the BamHI site of an yeast expression vector, pYES2 (Invitrogen), under control of the GAL1 promoter. The resultant plasmid, pYAT68, was used for the transformation of YSD1 (8) by the electrotransformation method (12) . Transformants were replica plated onto synthetic minimal media (13) containing galactose (20 g͞liter) as a carbon source and 0.1 mM MgSO 4 as a sulfur source (8) and incubated at 30°C.
Southern Hybridization Analysis. Genomic DNA was isolated from the leaves of 3-week-old A. thaliana plants (14) . Restriction fragment length polymorphism (RFLP) mapping of AST68 was carried out by the 30 recombinant inbred (RI) lines (15) . Genomic DNA (5 g) was digested with restriction enzymes, separated in a 0.7% agarose gel, and transferred to a Hybond Nϩ membrane (Amersham). DNA blots were probed with the 32 P-labeled full-length cDNA fragment of AST68. Hybridization and washing of the membranes were carried out as described for library screening. Hybridization signals were detected by the BAS-2000 image analyzer (Fuji). The map distance was calculated by C. Lister (John Innes Institute, Norwich, U.K.), based on the RFLP patterns in the RI lines generated by DraI digestion of genomic DNAs.
Northern Hybridization Analysis. Total RNA was isolated from the leaves and roots of 3-week-old A. thaliana plants by a phenol͞SDS method and precipitated by LiCl as described in ref. 10 . For RNA blot analyses, 20 g of total RNA was separated under denaturing conditions in a 1.0% agarose gel containing formaldehyde and transferred to Hybond Nϩ membranes (Amersham). RNA blots were hybridized with 32 P-labeled probe DNAs synthesized from cDNA fragments AST68 (this study), AST56 (3), EST-76E7T7 (accession no. T21459) (9) (23) and SAT52 were amplified from the cDNA library by PCR with synthetic oligonucleotides prepared according to the reported nucleotide sequence in the database. OAS-TL 5-8 (25) , OAS-TL 7-4 (25), and SAT-A (29) were provided by R. Hell (Ruhr-Universität Bochum, Germany). ASA1 (17) was provided by J.-C. Davidian (Ecole Nationale Superieure Agronomique de Montpellier, France). Relative values of mRNA transcripts were calculated based on the hybridization intensities of specific signals on the blot quantified by the BAS-2000 image analyzer (Fuji). To verify equivalent loadings of RNA on blots, membranes were probed with a 32 P-labeled rice rDNA (pRR217) (31) . Hybridization and washing conditions were the same as described above.
In Situ Hybridization. In situ hybridization experiments were carried out on A. thaliana and radish. Thirteen-day-old A. thaliana and 5-day-old radish were transferred to sulfate-deficient medium for 2 days. Radish and A. thaliana seedlings grown in sulfatestarved and control conditions were fixed in 4% formaldehyde, 50% ethanol, and 5% acetic acid for 3 hr at room temperature. Fixed tissues were dehydrated and embedded in paraffin according to standard procedures. Ten-micrometer sections were mounted onto slides coated with 3-aminopropyltriethoxysilane and pretreated for hybridization according to Angerer and Angerer (32) . 35 S-UTP-labeled sense and antisense mRNA were generated by run-off transcription with T7 and T3 RNA polymerase (Promega). Labeled mRNA probes were hydrolyzed to an average length of 300 nt (32) . The hybridization mix contained 35 S-labeled mRNA (5 ϫ 10 6 cpm per slides), 10 mM Tris⅐HCl (pH8.5), 50% formamide, 0.3M NaCl, 1 mM EDTA, 150 g ml Ϫ1 yeast tRNA, 1ϫ Denhardt's, 10% dextran sulfate, and 70 mM DTT. RNase treatment, washing steps, coating with Kodak NBT2 emulsion, and the development of slides were performed as described in ref. 32 . Sections were stained with toluidine blue, dehydrated, and mounted in mounting medium (Depex). Photographs were taken in a Diaplan microscope (Leica) using dark-field optics (Fuji ASA 100 film).
RESULTS
Cloning and Functional Identification of a Sulfate Transporter Gene, AST68. An Arabidopsis EST clone, 142F20T7 (accession no. T76088) (9), exhibiting high sequence similarity with the sulfate transporters of the tropical legume S. hamata (2) , was used as a probe for isolation of a full-length clone from a gt11 cDNA library. The isolated cDNA clone, AST68, contained a 2.4-kb-length insert that revealed to have an ORF encoding a polypeptide of 677 aa (Fig. 1B) . The presence of an in-frame TAG termination codon 39 nucleotides upstream of the translational initiation codon ensured that this ORF encodes the full coding region of the AST68 polypeptide.
The sulfate uptake function of the AST68 polypeptide was tested in the yeast sulfate transporter mutant strain YSD1 (8) . Expression of AST68 allowed YSD1 to grow on the minimal medium containing 0.1 mM of sulfate as a sole sulfur source only in the presence of galactose (Fig. 2) . The strain was unable to grow with glucose (not shown). These data confirmed that AST68 encodes a functional homologue of a yeast sulfate transporter (8). A genomic clone corresponding with the cDNA clone, AST68, was isolated from a EMBL3 library. Several clones were isolated that hybridized with AST68. Sequence analysis of a 5-kb XbaI fragment (Fig. 1 A) from one of these clones revealed that the AST68 gene consists of 10 exons and 9 introns. All of the exon͞intron junctions had the consensus GT͞AG splice donor and acceptor sites. Primer extension experiments were carried out with a synthetic oligonucleotide primer prepared according to the sequence of the AST68 genomic clone. The transcriptional start point (tsp) was located 285 nucleotides upstream of the translational initiation codon (Fig. 1 A) . The 5Ј untranslated region between the tsp and the 5Ј end of the cDNA clone was amplified by reverse transcriptase-PCR (RT-PCR) for the determination of the nucleotide sequence.
Predicted Structure of the AST68 Polypeptide. The hydropathy profile of AST68 predicted by the TOPPREDII program (33) indicated the presence of 12 hydrophobic membrane spanning domains (MSD). This structural feature was well conserved in eukaryotic membrane-bound transporter proteins. According to this model, several basic amino acid residues (Lys, Arg) were located on both sides of the membrane. Among them, Arg-407, which is located between MSDs 9 and 10, was the only basic residue identical to the other known eukaryotic sulfate transporters (Fig. 1B) . As previously indicated by Smith et al. (2) , this residue may have some functional significance for binding of the sulfate anion on the membrane surface. The calculated model also predicted the putative N-glycosylation site at Asn-255 between MSDs 5 and 6 to be located on the extracellular side.
Phylogenic Relationship. Similarities between the amino acid sequence and other eukaryotic sulfate transporters were calculated by the GENETYX program (Software Development, Tokyo) as follows: S. cerevisiae Sul1, 28% (accession no. X82013) (8) ; N. crassa Cys14, 21% (accession no. M59167) (34); S. hamata Shst1, 49% (accession no. X82255) (2); S. hamata Shst2, 49% (accession no. X82256) (2); S. hamata Shst3, 64% (accession no. X82254) (2); A. thaliana AST56, 63% (accession no. D85416) (3); soybean nodule GmN#70, 54% (accession no. D13505) (35) ; H. vulgare Hvst1, 51% (accession no. U52867); mouse, 28% (accession no. D42049); human DTD, 28% (accession no. U14528) (36); rat Sat-1, 27% (accession no. L23413) (37); and human DRA, 25% (accession no. L02785) (38) . The phylogenic relationship of these amino acid sequences indicated that the two sulfate transporters of A. thaliana, AST56 (3) and AST68 (this study), fall into a group that includes the plant low-affinity transporters. In spite of the structural and functional similarity, AST68 is highly divergent from the yeast sulfate transporter, SUL1 (8). Chromosomal Location of the AST68 Gene. Southern blot analysis of the AST68 gene was carried out for the A. thaliana genomic DNA digested with several restriction enzymes. Restriction with BamHI, EcoRV, SacI, and XbaI gave a single hybridization signal under high stringency washing conditions. These data indicated that AST68 was a single-copy gene in the A. thaliana genome. Chromosomal location of the AST68 gene was calculated from the polymorphism in DraI digestion of 30 recombinant inbred lines as described in ref. 15 . The AST68 gene was mapped within the top of chromosome 5 between the two markers, g3837 and g4560.
In Situ Localization of the AST68 Transcripts. In situ hybridization on longitudinal sections of A. thaliana roots showed that AST68 transcripts are accumulated in the root cap (Fig. 3A) and are strongly induced by sulfate starvation (Fig. 3B) . Heterologous hybridization on longitudinal sections of radish roots showed the same distribution pattern as in the case of A. thaliana (Fig. 3 C and  D) . No signals were detected by hybridization with the sense probe (Fig. 3E) . To identify the cell-specific accumulation of the AST68 transcripts, hybridization was carried out on cross-sections of radish roots. Positive signals could be detected particularly inside the central cylinder. However, no apparent signals were observed in the xylem, endodermis, cortex, and epidermis. The cross-section in Fig. 3F includes the lateral and primary roots. Similar distribution patterns of the AST68 transcripts were observed in these two different stages of root elongation. Positive signals localized in the central cylinder were strongly induced by sulfate starvation (Fig. 3G) . Hybridization on longitudinal and cross-sections of A. thaliana shoots indicated that AST68 transcripts are also localized in the vascular tissues of aerial parts (Fig.  3 H and I) . However, these signals in shoots did not change by sulfate starvation (data not shown). These data suggested that a single sulfate transporter, AST68, may participate in symplastic translocation of sulfate in the central cylinder both in roots and leaves.
Regulation of Genes Involved in Sulfate Assimilation. Expression of genes for sulfate assimilation enzymes was analyzed in A. thaliana plants grown with sulfate and without sulfate for 2 days (Fig. 4) . Three genes, AST68, APR1, and SAT1, were inducible by the short-term sulfate starvation among the 14 genes examined in our experiments. The mRNA abundance of AST68 increased up to ca. 9-fold in roots by sulfate starvation. The expression of the minor isoform, AST56 (3), was also enhanced in roots to some extent (1.5-to 2-fold) by the same treatment. However, the transcript levels of AST68 and the leaf specific homologue 76E7T7 (accession no. T21459) were not affected by sulfate deprivation in leaves. APR1 (21, 22) , recently identified to encode an APS reductase isoform responsible for the reduction of adenosine 5Ј-phosphosulfate (APS) to sulfite, increased ca. 5.5-fold in roots and 2-fold in leaves. SAT1 (27) , which encodes a serine acetyltransferase (SAT) isoform and catalyzes the formation of O-acetylserine from Ser, increased ca. 3.5-fold in leaves and 2-fold in roots. It is notable that the expression of SAT-A (26) and SAT52 (accession no. U30298), which encode the other two SAT isoforms, exhibited no changes in response to sulfate deprivation. This is also true of the serine acetyl transferase SAT2 gene from watermelon (39) .
With respect to the other genes responsible for Cys biosynthesis, we could find no significant up-regulation by sulfate starvation, as previous studies have partially suggested (40) . The mRNA expression of ATP sulfurylase and APS kinase was down-regulated by sulfate starvation in leaves. Expression of the halotorerant gene SAL1, which was characterized to be involved in dephosphorylation of 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) to APS (22) , was also depressed in sulfate-starved leaves. From these results, it was indicated that the expression of the genes involved in sulfate assimilation is not coordinately regulated by sulfate starvation in plants. We could also indicate that sulfate transporter AST68 was the most prominently responding gene in the Cys biosynthetic pathway under sulfate-deprived conditions.
DISCUSSION
Through combined analyses of the EST database and RNA blot hybridization, it is likely that there are at least three different types of sulfate transporters in A. thaliana. Among them, the mRNA expression of AST68 is strongly induced in roots, but not in leaves, by sulfate starvation (Fig. 4) . In situ hybridization analyses revealed that AST68 is expressed in the root cap and in the central cylinder of roots and leaves. We have also shown that AST68 is induced by sulfate starvation specifically in roots. Expression and induction of the AST68 transcripts in the central cylinder of roots were limited in the cell layers between the endodermal cell and the xylem vessel (Fig. 3) . Endodermal cells form an impermeable cell wall, collectively termed the Casparian strips, and serve to limit the apoplastic diffusion of solutes into the root vascular system. Although the mRNA levels may not necessarily correspond to the protein levels, up-regulation and accumulation of the AST68 transcripts found in the central cylinder may enhance the efficiency of symplastic sulfate translocation from the endodermal cell toward the xylem vessel responding to sulfate starvation. Alternatively, induction of AST68 was caused by the requirement of sulfate to synthesize sulfur-containing metabolites in these cells.
The next topic of the present study focused on the mRNA expression of APS reductase by nutritional sulfur stress. Recently, Setya et al. (21) and Gutierrez-Marcos et al. (22) demonstrated the existence of APS reductase in the higher plant A. thaliana. The existence of a PAPS-dependent sulfate-reduction pathway (41) remains unresolved. Based on the current information, it appears that APS kinase, the enzyme catalyzing the phosphorylation of APS to PAPS, is probably not directly involved in the reductive sulfate assimilation pathway. Rather, it serves the branch pathway leading to sulfation of various plant metabolites such as sulfated flavonols (42) , sulfolipids (43) , and glucosinolates (44) . Thus, APS serves as a central branch point intermediate both for the sulfate reduction and sulfation pathways. APS reductase and APS kinase must therefore compete for their common substrate, and this may serve in regulation. At the level of mRNA abundance, the expression of APR1 was enhanced by sulfate starvation, whereas the expression of APK1 was downregulated in leaves. These results suggested that the overaccumulation of the APR1 transcripts is necessary to increase the efficiency of Cys biosynthesis from limited amounts of sulfate. It is reported that APS sulfotransferase activity is increased by sulfate starvation in water lentil (Lemna minor) (45) . Our findings on regulation of APR1 may describe that the enhancement of APS sulfotransferase activity is closely related to the accumulation of mRNA. Determination of the enzyme activity in A. thaliana is required to explain the functional participation of the APR1 gene product in enhancement of sulfate reduction and Cys biosynthesis. In our experiments, mRNA expression of PAPS 3Ј-phosphohydrolase (SAL1), which may participate in a ''futile cycle'' of APS and PAPS, was down-regulated as in the case of APK1. It apparently shows the coordinated regulation of PAPS FIG. 4 . Northern blot analysis of total RNA of A. thaliana. The name of the enzyme involved in each biosynthetic step and the corresponding A. thaliana cDNA clones used in this experiment are noted. Total RNA was extracted from leaves and roots of the plants grown under a control condition (C) and a sulfate-starved condition (⌬S). Three-week-old A. thaliana plants grown on GM-agar medium (MS salts, 1% sucrose; ref. 8) were transferred to sulfate-deficient GM-agar medium (MS salts as chloride instead of sulfate, 1% sucrose), which was subsequently grown for 2 days. Total RNA (20 g) was separated in a 1.0% agarose gel containing formaldehyde, transferred to nylon membranes (Hybond Nϩ, Amersham), and hybridized with the 32 P-labeled cDNA inserts. Washing of the membranes was carried out under the same conditions as described in Fig. 4 . Relative mRNA abundance was quantified by the hybridization intensities of the blots using the BAS-2000 image analyzer (Fuji). Transcript levels changed by sulfate starvation are shown in comparison with those in the control condition (100%) of leaves and roots, respectively. 3Ј-phosphohydrolase with APS reductase and APS kinase at the mRNA levels. However, the SAL1 enzyme is putatively localized in the cytoplasm. Thus, it may have no correlation with the other two chloroplast-localizing enzymes.
With respect to the mRNA expression of three serine acetyltransferase isoforms, SAT1 was the only one to be induced by sulfate starvation. The two sequential steps to synthesize Cys from Ser is catalyzed by the multi-enzyme complex of serine acetyltransferase (SAT) and cysteine synthase (CS). This may prevent the diffusion of the intermediate substrate, Oacetylserine (OAS) (46) . It can be assumed that SAT1 was induced to couple with the excess amounts of the counterpart CS isoform to obtain the full enzyme activity to synthesize Cys from reduced amounts of sulfide under sulfate-starved conditions. Our previous studies on transgenic tobaccos overexpressing a spinach CS isoform indicated that addition of OAS and sulfite or sulfide enhanced the formation of Cys in isolated chloroplasts (47) . These data support an idea that induction of SAT1 together with APR1 may achieve the overaccumulation of OAS and sulfite required for Cys biosynthesis. The alternative explanation is that overproduction of OAS by SAT1 is required for the regulation of sulfate assimilation as has been reported for the induction of the APS sulfotransferase activity by the addition of OAS in water lentil (48) . Determination of the SAT1 protein level under sulfate-starved conditions and identification of the counterpart CS isoform should be further investigated to explain the involvement of SAT1 gene expression in the enhancement of Cys biosynthesis.
Our present study demonstrated that the regulation system of sulfate assimilation in plants is definitely different from those of yeast (49) and bacteria (50) ; in plants, only restricted numbers of genes were induced in response to the sulfate-deficient stress. The difference in gene expression may explain the evolution process that the plants have experienced, acquiring suitable systems to survive in various environmental conditions and to contribute in the global cycle of sulfur in nature.
